Efficient directional beaming from small apertures using surface-plasmon diffraction gratings Appl. Phys. Lett. 101, 041102 (2012) Highly efficient twisted nematic liquid crystal polarization gratings achieved by microrubbing Appl. Phys. Lett. 101, 041107 (2012) Divertor electron temperature and impurity diffusion measurements with a spectrally resolved imaging radiometer Rev. Sci. Instrum. 83, 10D521 (2012) Fast switchable grating based on orthogonal photo alignments of ferroelectric liquid crystals Appl. Phys. Lett. 101, 031112 (2012) Additional information on J. Appl. Phys. Regular surface domain gratings were created in strontium barium niobate crystals by local poling with an AFM-tip. Piezoresponse force microscopy was utilized to subsequently image the domain patterns and to investigate their temporal and thermal stability. The gratings were examined by means of nonlinear diffraction in reflection geometry using a Ti-sapphire laser (800 nm) as pump source. The well-resolved second harmonic diffraction patterns were recorded for various angles of incidence of the fundamental wave. The origin of the observed nonlinear diffraction is discussed.
I. INTRODUCTION
In this paper we present first observations of second harmonic generation (SHG) in surface microdomain gratings recorded in Sr x Ba 1Àx Nb 2 O 6 (SBN-x) crystals locally applying a dc-voltage with the help of the tip of an atomic force microscope (AFM). The optical experiments were performed using nonlinear diffraction. The investigations are motivated by the prospects of 1D-and 2D-ferroelectric domain patterns for optical-frequency conversion using quasi-phase matching (QPM). Numerous publications, reviews, and monographs cover this subject (see, e.g., Refs. 1 and 2). At present, in particular 2D arrays have attracted increasing attention in view of their applicability as nonlinear photonic crystals. 3 As it is known, one of the most promising methods for the creation of microdomain arrays in ferroelectrics uses local poling with the help of an AFM tip. 4 Recently, we have demonstrated the creation of various types of rather stable 1D-and 2D-regular microdomain arrays, as well as more complex 2D structures in strontium barium niobate (SBN) by applying dc-voltages of less than 10 V to the AFM tip. [5] [6] [7] But also for nonlinear-optical applications SBN is an attractive material since in addition to the high nonlinear quadratic permittivity v, (2) (Ref. 8) , it shows the unique effect of stochastic (broadband) optical frequency conversion in a disordered domain configuration (see, e.g., Refs. 9 and 10, and Refs. therein). All these properties make of SBN a promising material for the investigation of parametric nonlinear-optical phenomena using domain arrays. The main aim of the present work was to investigate the potential of AFM-written microdomain gratings in SBN for optical frequency conversion.
II. EXPERIMENT
For our investigations were used congruent SBN-0.61 crystals grown by a modified Stepanov's technique. 11 The samples were optically polished, 0.13 -0.3 mm thick z-cut plates. All experiments were performed in polydomain crystals. In order to assure for identical initial conditions, prior to the domain recording the samples were annealed at T > T c % 83 C (where T c corresponds to the peak of e(T) measured at 1 kHz).
The AFM experiments were carried out with an NTEGRA PRIMA AFM (NT-MDT, Moscow) operated in contact mode. The domain configuration was recorded simultaneously to the topography by piezoresponse force microscopy (PFM) using Si probes with a conductive Ti/Pt coating (CSC21, MikroMasch, Estonia). The probes had a tip radius of R 40 nm, cantilever stiffness of k $ 0.12 N/m (A cantilever) and k $ 2.0 N/m (B cantilever), and resonance frequencies of f $ 12 kHz (A cantilever) and f $ 105 kHz (B cantilever). A more detailed description of our AFM equipment and our experimental methods can be found in Refs. 5-7. Local poling of the sample was performed by applying a dc-voltage U DC to the conductive probe while the tip was in contact with the crystal surface. A conducting carbon adhesive tape was used as back electrode which as a result fastened the sample to a standard wafer grounded with the help of a spring contact.
In this paper, we present our results obtained on regular microdomain arrays which are in the form of domain stripes of opposite polarity (Fig. 1) , normal to the sample surface. So far, we have not estimated the depth of the domains created, however, according to some indirect estimates they are shallow ( 10 lm). The gratings were recorded using a raster lithography method based on a graphic template. Therefore, the tip was displaced pointby-point along two orthogonal coordinates and at every point a voltage pulse (U DC ¼ þ/À 50 V and t p ¼ 7 ms) was applied to it. The distance between the individual points was set to D $ 50 nm since at this distance adjacent domains (merge) overlap, as shown previously. [5] [6] [7] After domain writing the area was scanned by PFM for confirming the created domain pattern. When scanning the surface by PFM the electromechanical response H x was measured following the procedure described in Ref. 12 . Note that the scan lines of H x qualitatively characterize the spatial distribution of v (2) . The microdomain gratings were written in an area of about 80 Â 80 lm 2 . These tiny dimensions impede the focusing of the pumping wave on the domain array only. Indeed, any unwanted irradiation of the surrounding area would adulterate the results. In order to overcome this problem highly reflecting, 20 nm thick chromium frames, 200 Â 200 lm 2 in size and 60 lm bar width, were coated on the sample surface by photolithographic means. The microdomain gratings were recorded inside these frames (see below).
The gratings were examined by nonlinear diffraction as it was proposed in Ref. 13 . Since the gratings were written in initially polydomain crystals, we used reflection geometry for our investigations. As mentioned above, random bulk domains lead to strong, diffuse SHG (Refs. 9 and 10). Consequently, using transmission geometry, the SHG signal diffracted by the shallow microdomain grating would possibly not be detectable due to the background of the bulk SH emission. Figure 2 illustrates the experimental setup used. Pumping was realized by a Ti-sapphire laser with a wavelength of 800 nm and a repetition rate of 82 MHz, the pulse average power and duration were 5-30 mW and 100 fs, respectively. The fundamental beam, polarized in the incidence plane (p-polarization), was focused onto the sample with a minimum waist of about 100 lm (Fig. 2, inset) . The reflected p-polarized SH wave was detected by the photomultiplier tube (PMT in Fig. 2 ) mounted on a rotation stage. To obtain the angular dependence of the diffracted SH signal, the PMT was rotated by up to þ/-30 with the sample as the pivot point. The sample itself was mounted on a goniometer which provided the possibility of rotating the sample and thus varying the angle of incidence h i of the pump wave between 30 and 60
. Additionally, the goniometer provided a translation of the sample along the X and Y-axes. Thus, this experimental setup permits to obtain the angular dependency of the SH signal for various angles of incidence h i generated at the very same location of the microdomain grating (see Fig. 2 , inset).
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Characterization of the domain gratings
Striped microdomain gratings with spatial periods ranging from 2 to 4 lm were recorded. The width of every domain stripe is of about half the period K of the grating (Fig. 1) . The boundaries between antiparallel domains are smeared out by 70 nm. Such diffuse domain boundaries are characteristic for the relaxor ferroelectric SBN (Ref. 14) . No topographical relief could be detected at the domain boundary, so unlike in LiNbO 3 (Ref. 15 ) no mechanical stress exist in these regions.
We first describe the temporal evolution of the recorded gratings on the basis of an example with K ¼ 3.6 lm (Fig. 1) . Figure 3 (a) shows two scanlines extracted from Figs. 1(a) and 1(b). Obviously after three months, the amplitude of the grating has decreased to 20% of its initial value. Figure 3(b) shows the relaxation of the electromechanical signal amplitude on a shorter scale of eight days. As can be seen, after a noticeable decay during relatively short time of few hours only, the contrast remains practically stable. Indeed, some samples show at longer relaxation times the emergence of nanoscaled domains, seen in Fig. 1(b) as dark spots in the area of the bright stripes and vice versa (bright spots in the dark stripes). Obviously the domain structure tends toward a polydomain state which is driven by the underlying random bulk domain structure. Meanwhile, the amplitudes of the scanlines of the images are decaying very slowly.
In addition to a relatively high persistence the recorded gratings show sufficient temperature stability. The result of thermal annealing of the sample is illustrated in Fig. 4 . The sample was heated to a certain temperature T, hold at this temperature for 90 min and cooled down to room temperature. After annealing, the depolarized area DS of the initially The zoomed schematic view of a single grating within the metal frame; the red ellipse depicts the laser spot whose elliptical shape is due to an oblique incidence of the fundamental beam.
positive, i.e., the bright area in Fig. 1 was estimated. Figure  4 presents the degree of polarization DS/S (where S is the total area of the positive domain stripes before annealing) versus the annealing temperatures T. As it can be seen from the graph in Fig. 4 , the grating partially persists even after annealing close to T c . Figure 5 (a) presents the angular dependence of the reflected SH on the angle of incidence h i . When the fundamental wave is incident to the grating, the patterns measured for all h i show a central peak and two asymmetrical side peaks [curves 1 -3 in Fig. 5(a) ]. The asymmetry increases with increasing h i . Both, the central and side peaks stand out against a significant background and can be well resolved for the total range of detection angles. In the case the fundamental wave is incident in an area not comprising a microdomain grating, the reflected pattern reveals the central peak only [curve 4 in Fig. 5(a) ]. Consequently, the side peaks are caused by the diffraction of the SH at the grating. In spite of the fact that the microdomain grating is very shallow, the diffraction patterns are very well resolved. Interestingly, the temporal dependence of the side peak intensities is governed by the contrast [ Fig. 3(a) ] and only weakly sensitive to the abovementioned partial polydomainization of the domain stripes. Figure 5 (b) presents the diffraction angles of the "right" and "left" side peaks versus the angle of incidence h i . With increasing h i the diffraction angles slightly increase.
B. Nonlinear-optical diffraction
We now discuss the structure of the reflected patterns [ Fig. 5(a) ] starting from the origin of the side peaks As known, the nonlinear Bragg diffraction from a regular v (2) grating is obtained at a specific angle between the fundamental and SH waves provided that the vectorial phase matching is satisfiedk
(1) wherek x andk 2x are the wave vectors of the fundamental and SH waves, respectively, andQ ¼ 2p=K is the reciprocal grating vector, m ¼6 1, 6 2,… Nonlinear Bragg diffraction from regular domain structures as well as non-collinear SHG under QPM conditions with an oblique beam incidence on the domain grating were repeatedly reported in various ferroelectric crystals (see, e.g., Refs. [16] [17] [18] [19] . The nonlinear Raman-Nath diffraction was recently observed in thin domain gratings (see Ref. 20 , and Refs. therein). In contrast to the listed publications, the results presented in our work were obtained in reflection geometry under non-normal incidence. In order to achieve QPM in reflection geometry, condition, Eq. (1), has to be satisfied according to the vectorial scheme shown in Fig. 6(a) .
Our estimates, however, show that in SBN crystals exhibiting very high refractive indices [n(x)
(1), would require very small periods of about $ 0.405 -0.485 lm. In any case the angle of incidence should be smaller than 10 , since for higher h i total internal reflection would make a measurement of the diffracted SH impossible. Summing up, the used experimental conditions do not permit to satisfy Eq. (1) in the non-collinear geometry under non-normal incidence. The observed nonlinear diffraction [ Fig. 5(a) ] must therefore be related to another origin.
Apart from the QPM condition, Eq. (1), nonlinear diffraction can occur due to the regular modulation of the nonlinear susceptibility, when the grating itself is involved in the wave-vector conservation law [ Fig. 6(b) ]. Analogously to Raman-Nath linear diffraction, nonlinear diffraction of this type is based on the fact that the grating acts as an infinite mass where the photon meets a perfectly inelastic collision. In such an event the excess momentum of the z-component DQ z [ Fig. 6(b) ] is transferred to the grating.
A general expression for the SH luminous flux in the case of nonlinear diffraction was deduced in the landmark work of Ref. 13 [Eq. (3) , therein]. When the law of momentum conservation is considered for the in-plane direction only, the third term of Eq. (3) in Ref. 13 gives for our case the following expression for the intensity distribution and the diffraction angle maxima positions:
(where h 0 d is the diffraction relative to the normal) In Fig. 5(b) , the solid curves show fits to the experimental data using Eq. (2). The grating period K estimated from these curves is in very good agreement with the PFM measurement (Fig. 1) . This result supports the proposed interpretation of the origin of SHG diffraction peaks.
The described type of the nonlinear diffraction differs from that under the QPM conditions in the same manner as the non-Bragg linear diffraction differs from the Bragg one. The former can be observed for any angle of incidence, because DQ z allows for a continuous set of values. The latter requires the fulfillment of Eq. (1) for the discrete set of values 6 m, i.e., it can occur only for certain angles of incidence.
The central peak observed within and beyond the gratings [curves 1-3 and 4, respectively, in Fig. 5(a) ] originates from the specular nonlinear reflection at a depth equal to the coherence length. It exists at any interface and may arise from various sources [dipoles, quadrupoles, etc. (Refs. 21 and 22) ]. Additionally, it may be caused by a certain asymmetry of the grating. As seen from Fig. 3(b) , the positive and negative domain stripes are decaying differently. Therefore, with time the grating becomes slightly asymmetrical.
A large non-structured background emerging in all patterns is obviously due to the broadband SHG in the disordered domain structure 9,10 beneath the grating. One may perceive a fundamental difference between our results on the nonlinear diffraction from those observed in periodically-poled LiNbO 3 at an oblique beam incidence. 17 In LiNbO 3 , significant mechanical stress and/or a spacecharge field at the domain boundary lead to a change of the refractive indices via the piezo-optical and/or electro-optical effects. 15 As a consequence, serial domain boundaries results in a refractive index grating. Due to this effect, the authors of Ref. 17 detected the coexistence of linear and nonlinear diffraction gratings within the periodical domain structure. In contrast to this, as mentioned above, no mechanical stress exists at the domain boundaries in SBN, so this domain grating provides no linear diffraction.
IV. CONCLUSION
Using standard AFM-writing of domains by applying dcvoltages to the tip we recorded ferroelectric domain patterns in thin surface layers of SBN polydomain crystals. These striped microdomain arrays had spatial periods in the range from 2 to 4 lm exhibiting rather high temporal and thermal stability. The recorded domain arrays were investigated by their ability to act as nonlinear-optical diffraction gratings. In spite of a very high ratio of the crystal thickness to the grating thickness, using reflection geometry a rather high contrast of the diffraction patterns of the Raman-Nath type could be obtained. The results obtained recommend SBN crystals as a convenient laboratory medium for studies of optical frequency conversion in microdomain ensembles of specified design. 
